Realizing the internal flow visualization inside the drip irrigation emitter is the basis of optimizing the labyrinth path structure and promoting its anti-clogging capability. The Computational Fluid Dynamics (CFD) method has become an effective approach to research the water movement in the labyrinth path of the drip irrigation emitter. In this paper, the standard k-ε model and the Large Eddy Simulation method (LES) were applied to analyze the flow characteristic in the drip irrigation emitter. The results showed that the LES model was more effective to simulate the flow characteristics in the flow path of drip irrigation emitters. Based on this model, the energy dissipation mechanism was explained with the velocity and pressure values from local regions to the whole flow path, and the study of the flow path anti-clogging performance was carried out by way of analyzing the velocity distribution characteristics in different cross sections of the same structure unit.
Introduction
Water flow characteristics in the flow path should be fully understood to design a drip irrigation emitter with higher anti-clogging property. Obtaining the visualization of flow field in drip irrigation emitters and then analyzing the flow characteristics of fluid in the flow path have become an important target for drip emitter designers. The analysis method with CFD which has the advantages of internal flow prediction, numerical experimentation as well as flow diagnosis, can help designers to obtain the optimal design with least time and cost [1] , thus, it has become an indispensable part in modern emitter design theory. Wei et al. [2] , Meng et al. [3] , Li et al. [4] , Zhang et al. [5] , Li et al. [6] and Wang et al. [7] explored the water flow characteristics in the labyrinth path of drip irrigation emitters, in which the selection of turbulence model was mainly concentrated on the standard k-ε model. However, as the geometric dimensions of the labyrinth path in drip irrigation emitters is around the critical size, it is difficult for research methods which have been established to describe the internal acts of the fluid in the complex flow path to reflect the real flow condition, and these methods also lead to larger calculation deviation.
Large Eddy Simulation (LES) is a turbulence numerical simulation method which lies between the Direct Numerical Simulation (DNS) and the Reynolds Averaged Numerical Simulation (RANS). Its main idea is to directly solve the transient Navier-Stokes (N-S) equation of the turbulence movement that is larger than the grid scale. As for the vortexes of smaller scale, which have the trend of isotropic, Subgrid Scale (SGS) is introduced into the N-S equation to reflect its effect on the larger scale vortex. Nowadays, LES has become a focus of turbulence research and the most promising method about turbulence numerical simulation. Byskov [8] proposed that using the LES method can get a better expression of the unsteady flow movement in the centrifugal pump. Ze and Song [9] put forward the view that, compared with standard k-ε turbulence flow model, LES can capture not only large scale vortex structures but also some irregular small vortex, which helps to reveal more complex turbulence structure in the flow field. However, having been applied to various fields, the LES method to solve the numerical simulation of internal flow field in labyrinth flow path of cylindrical emitters is rarely reported.
Based on the elaboration mentioned above, the standard k-ε turbulence flow model and the LES model were applied to the three-dimensional numerical simulation of water flow in the labyrinth flow path of the drip irrigation emitters. The discharge and average velocity of the labyrinth transverse profile of the drip irrigation emitters were applied to testify the precision of two numerical methods, and the energy dissipation and anti-clogging characteristics were also analyzed. The results can provide reference for the flow path structural optimization.
Model establishment and solution

Model establishment
The LES model
The main idea of LES was to do grid filtering to N-S equation in the flow domain and get the basic equation of larger scale vortex.
Continuity equation
Momentum equations of the LES model
The most widely used model equation is as follows:
where S ij is defined as
   and the Samagorin-Lilly model is applied to µ t , the expression of which can be described as µ t = ρL
, the values of C S and k are 0.1 and 0.4187 respectively.
The standard k-ε model
Momentum equations
Standard k-ε equations In the equations above, U represents the velocity of fluid, which can be defined by the following formula: 
Boundary conditions
Boundary conditions: the velocity was set as zero at boundaries except the inlet and outlet of the flow path, i.e.,
Initial conditions: inlet working at a certain pressure head, outlet with atmospheric pressure, i.e., x = 0 when p = p 0 (working pressure); x = L outlet , P = 0. As the size of the flow path was small, boundary layer effects could not be ignored, so the standard wall function was employed to solve the problem.
Solution method
As for the LES model, the hexahedral grid unit was adopted to the calculation region and the finite volume method was applied to solve the governing equations, the transient item of which adopted the implicit time integration scheme. The structure of the drip irrigation emitter is shown in Fig. 1 and its geometry parameters in Table 1 . The total number of grids created with GAMBIT was about 0.64 million, with every grid unit length of 0.1 mm, and the grid was shown in Fig. 2(a) .
As for the k-ε model, the tetrahedral grid unit was adopted to the calculation region, and at the corner of minisize, local mesh refinement was carried out to guarantee high calculation accuracy. The size of the refined mesh was 0.09 mm (four nodes) while the others' was 0.2 mm. Total grid unit number was 288 660, which was shown as Fig. 2(b) . Table 2 gives the numerical simulation conditions of two kinds of models. 
Results and analysis
Model verification and selection
With the same convergence precision, the discharge calculated with the LES model was 3.34 Lh −1 , and was 3.52 Lh
using the k-ε model. As the rated discharge of emitters (with the pressure of 100 kPa) is 3.19 Lh −1 , the relative flow deviation of the two models were 4.7% and 10.3% respectively, which showed that the results of the two calculation models both had good authenticity, and obviously, the LES model was of higher accuracy.
The average velocity of the transverse profile gained with the LES model was 0.64 m/s and with the k-ε model was 0.69 m/s. The result tested was 0.62 m/s, so difference errors of the two models were 3.23% and 11.2% respectively. Fig. 3 showed the velocity characteristics in each unit segment under two arithmetic conditions. It showed that velocity distribution in the same section had the trend of declining from the center to the side of the path, and the magnitude of the velocity in mainstream region was higher than the flow stagnation region. The velocity characteristics were the same as the result of Liu [10] , who observed the flow field with DPIV (Digital Particle Image Velocimetry) technology. The velocity distribution characteristics mean that the two models were suitable to obtain the digitization of the flow field in the drip irrigation emitter.
So, from the above details, it is obvious that the LES model was more effective in simulating the flow characteristics in the labyrinth drip irrigation emitter.
Energy dissipation
One of the most important functions of the labyrinth path of the irrigation emitter was energy dissipation, the chief form of which was local head loss caused by the drastic changing of geometric structure. The values of velocity and pressure of water in the irrigation emitter were the embodiment of its energy, so the estimation of the properties of the drip irrigation emitter was studied through velocity and pressure distribution within the flow path. Fig. 4 showed the magnitude of water velocity in near-wall regions on the Z = 0.5D (Z stands for the path deep direction, D stands for the depth of the path) cross section of the eight sections from the inlet of the emitter to the outlet. Fig. 4(a) showed that the velocity values of water mass along the two sides (outer side and inner side) of the first section of the drip irrigation emitter oscillated backwards and forwards between maximum and minimum. The peak values in both the outer side and the inner side of the path appear near the prong in every component unit, and the valley values appear after them, as shown in Fig. 5 , which indicated that the velocities of water would change quickly when the water was disturbed by the wall of the labyrinth path, meaning that the energy of the water was transforming. The viscosity of the water and the intense interaction of the water mass increased by the wall of the passage caused the inside friction increased. Consequently, part of water's energy was converted into heat which was dissipated into water. Fig. 4(a) -(h) explained the mechanism of the energy dissipation near the wall in the whole passage. As for the energy dissipation from the wall to the whole layer Z = 0.5D, the reason was shown in Fig. 5 which described the variation of the magnitude and direction of the velocities with different color and arrow symbols. Similarly, the process of the energy dissipation of different layers along depth direction was reflected on Fig. 6. Fig. 6(a) was the three-dimensional velocity distribution within the whole flow path, and Fig. 6(b)-(d) were the velocity component in x, y and z direction. 
Velocity distribution in the cylindrical drip emitter
Pressure distribution in the cylindrical drip emitter
The decline of the water pressure values in the flow path was the direct result of the energy dissipation under the action of the structure of the passage. Fig. 7 showed the pressure distribution of Z = 0.5D cross section along the wall of the eight sections of the path from the inlet to outlet, the pressure along the outer side and inner side of the flow path wall decreased in ladder shape and dropped rapidly near the prong, where the structure of flow path changed drastically. This reveals that energy dissipation happens mainly in these areas, while it was not obvious in other positions. According to the similarity of the path structure, the pressure distribution characteristics in other sections agreed with the first section, but the pressure values gradually declined from Section 1 to Section 8 as Fig. 7 (a)-(h) showed. Compared with the velocity distribution characteristics (Figs. 4-6 ), the positions of pressure change identified with the velocity variation, which adequately illustrated that the potential energy would convert the kinetic energy when the disturbances appeared near the prong of the passage, consuming the energy and declining the pressure of the water in the path. The pressure in the Z = 0.5D layer components at different points were shown Fig. 7 . Their features were shown in Fig. 8 with the magnitude of the pressure illustrated by a different color. As for the characteristics of the pressure along the path depth direction, consisting of different layers, were shown in Fig. 9 . Figs. 7-9 showed the process of the pressure decreasing from individual points to different layers then to the whole path, digitalizing the energy dissipation.
Anti-clogging of the cylindrical emitters
One of the most important evaluations criteria of the irrigation emitter property is the anti-clogging capability, which is also strongly linked to the path structure, while the water velocity distribution within the labyrinth path is the direct result of the shape of the structure acted on the water, so the velocity distribution of different cross sections are chosen to analyze the flow path's effect on the anti-clogging performance. Fig. 10 showed the velocity distribution of the different cross sections along the depth of the path. On cross section 2, section 3, section 5, section 7, and section 8, the passage acted most intensively on the water, which was because the prongs of the path disturbed the water movement. On cross section 1, section 4, section 6, section 9, the interference effects from the path were weaker than the other five sections. In Fig. 10 , the values of the velocity around the sections were obviously lower than that in the center of each cross section, and the areas with low speed of the cross section 1, section 4, section 6, and section 9 were larger than the other sections, and those areas were just the place where clogging happens most easily. The low speed and big area could provide more chance for impurities to form deposits, so the anti-clogging property of the emitter could be evaluated from the velocity value of the low speed area and the range of the low speed area. Based on these, during the process of the drip irrigation emitter structure design, the range of the low speed area should be reduced as much as possible. 
Discussion
It is difficult to realize the long-term entity experiment test for the development of new type drip irrigation emitters because of its narrow and complex flow path. Long test period and high research cost have made the research concentrated on the numerical simulation, which involves the selection and the validation of the numerical simulation methods. As for the selection of the simulation methods, whether the chosen method is suitable for the calculation of the flow path domain in drip emitters should be analyzed theoretically, and then judge if the method should be adopted by the veracity and rationality of the results. The validation of the calculation results can be carried out through comparing between the simulation value and the entity experiment data. Li et al. [4] established the CFD numerical simulation of labyrinth path drip emitters and calculated the pressure-flow rate relation as well as the pressure and the velocity distribution, and validated the feasibility of the method by using the deviation between the calculation results of the pressure distribution in the amplifying model and the measured value. Wei et al. [11] revealed the flow characteristics inside the labyrinth path visually by the Computational Fluid Dynamics (CFD) method and validated the accuracy of the flow regime computation through carrying out similar fluid mechanics experiment, during which Laser Doppler Velocimetry (LDV) is used to measure the flow velocity. Zhang et al. [12] testified that the turbulence flow model has higher accuracy than that of the laminar flow model. Based on the above elaboration, the results of experiment and simulation of the flow rate and the section average speed as well as the velocity distribution is discussed in the article, which verified the correctness and applicability of the large eddy simulation.
One of the most important functions of drip emitters is decreasing the pressure head and realizing the uniform irrigation. Pressure drop usually happens where the geometrical structure of the path change drastically. The decrease of the pressure and the variation of speed are the outward manifestation of the energy conversion. Wang [13] measured the pressure magnitude of some local regions along the length direction, and obtained the variation trend of gradually decrease from the inlet to the outlet of the flow path. By combining the point, line, plane and body, the process of pressure loss was analyzed from local points to certain planes and then to the whole flow field. The energy dissipation mechanics was made clear by connecting the variation of velocity in corresponding positions, which further illustrated that energy was being consumed by translating into heat, with the position adjustment of the water mass and the interconversion of kinetic energy and potential energy.
Anti-clogging performance, which has direct relation with the geometric structure, is an indispensable index to evaluate the emitter's property, and it is commonly embodied by the function between passage structure and fluid (velocity distribution characteristics). LIU [10] employed the DPIV technology to identify that it is easy to happen clog for flow stagnation regions of emitters. Due to the similarity of the flow path structural unit and the velocity distribution in different sections [14] , the different cross sections in the same structural unit were selected to analyze the velocity distribution characteristics in the article. It could be inferred from the velocity distribution that the around area of the path is the position where clogging most easily happen for its low speed. So the form of the wall should be fully considered when making the analysis and the design of the flow path of drip emitters.
Conclusion
(1) Compared with the standard k-ε turbulence model, the LES model could obtain higher computational accuracy. Based on the integration of the factors of the flow rate of the irrigation emitter, the average velocity of the flow path and the velocity distribution characteristics, the LES model was more effective in describing the flow characteristic of the fluid in the passage and optimizing the path structure. (2) The process of the energy dissipation along the flow path could be explained by the velocity variations and the decrease of the pressure values from local points to the layer and to the whole flow path. The velocity distribution characteristics of different cross sections of the structural unit could be employed to analyze the probability that the flow path happen to clog.
